Bromodomain binding of acetyl-lysine residues is a crucial step in many epigenetic mechanisms governing transcription. Nearly half of human bromodomains exist in tandem with at least one other bromodomain on a single protein. The Bromodomain and ExtraTerminal domain (BET) family of proteins (BrdT, Brd2, Brd3 and Brd4) each encode two bromodomains at their N-termini and are important regulators of acetylation-dependent transcription in homeostasis and disease. Previous efforts have focused on identifying protein acetylation sites bound by individual bromodomains. However, the mechanisms through which tandem bromodomains act cooperatively on chromatin are largely unknown. Here, we first used small angle xray scattering combined with Rosetta ab initio modeling to explore conformational space available to BET tandem bromodomains. For Brd4, the flexible tandem bromodomain linker allows for distances between the two acetyl-lysine binding sites ranging from 15 to 157 Å. Using a bioluminescence resonance energy transfer assay, we show a clear distance dependence for Brd4 tandem bromodomain bivalent binding of multiply acetylated histone H4 peptides. However, isothermal titration calorimetry studies revealed Brd4 binding affinity toward multiply acetylated peptides does not correlate with the potential for bivalent binding. We used sucrose gradient assays to provide direct evidence in vitro that Brd4 tandem bromodomains can simultaneously bind and scaffold multiple acetylated nucleosomes. Intriguingly, our bioinformatic analysis of deposited chromatin immunoprecipitation sequencing data indicates that Brd4 colocalizes with subsets of histone acetyl-lysine sites across transcriptionally active chromatin compartments. These findings support our hypothesis that scaffolding of acetylated nucleosomes by Brd4 tandem bromodomains contributes to higher-order chromatin architecture.
the Brd4 tandem bromodomain conformational changes that 126 occur in response to binding multiply acetylated H4 peptides. 127 Our bioinformatic analysis of deposited chromatin immuno-128 precipitation sequencing (ChIP-seq) data indicates that Brd4 129 colocalizes with subsets of histone acetyl-lysine sites across 130 annotated topologically associated chromatin domains. We 131 also provide the first direct evidence for physical scaffolding 132 of multiple acetylated nucleosomes by Brd4 tandem bromod-133 omains using in vitro sucrose gradient binding assays. These 134 observations allow us to hypothesize a role for Brd4-mediated 135 nucleosome scaffolding in the maintenance of higher-order 136 chromatin structure.
137

Results
138
BET bromodomains are separated by flexible linkers that af-139 ford a high degree of conformational freedom. We hypothe-140 size that the range and relative occupancy of intersite dis-141 tances between tandem bromodomain acetyl-lysine binding 142 sites dictate the types of multivalent nucleosome interactions 143 accessible to tandem bromodomains. These multivalent in-144 teractions can broadly be classified into two possibilities that 145 require very different distances between acetyl-lysine binding 146 sites: 1) within one or between two histone tails in one nucle-147 osome (intranucleosome) or 2) between histone tails on two 148 different nucleosomes (internucleosome) (Figure 1 ). To deter-149 mine the sizes and shapes adopted by tandem bromodomains 150 of all four BET proteins and Taf1 ( Figure S1 ) in solution, 151 small angle X-ray scattering (SAXS) studies were performed. 152 Atom pair distribution distance distribution (P(r)) functions 153 and Kratky representations were calculated to assess protein 154 size/shape and flexibility, respectively. The P(r) function is 155 a histogram of distances between all possible pairs of atoms 156 within a particle (53) . For Brd4 (aa 36-460), the P(r) function 157 is asymmetric around a single peak indicating elongated cylin-158 drical structures with a maximum diameter (Dmax) of 201 Å 159 (Figure 2A ). The Kratky plot allows for qualitative assessment 160 of protein flexibility. In general, scattering intensity from a 161 solid body decays at high angles (q) resulting in a bell-shaped 162 plot whereas scattering intensity from an extended thin chain 163 presents as a plateau followed by a monotonic increase (53) . 164 The Kratky plot of Brd4 demonstrates an initially bell-shaped 165 curve that increases monotonically at higher angles (Figure 166 2B) indicating a combination of ordered and disordered protein 167 regions, consistent with the presence of folded bromodomains 168 connected by a flexible linker sequence. These elongated struc-169 tures were conserved across BET bromodomains as SAXS anal-170 ysis of BrdT, Brd2 and Brd3 displayed similarly shaped P(r) 171 and normalized Kratky distributions to those of Brd4 (Figure 172 S2A-F). However, not all human tandem bromodomains adopt 173 similar elongated structures. SAXS measurements of the Taf1 174 tandem bromodomains showed a relatively symmetrical P(r) 175 function around two maxima and a Kratky plot with two 176 peaks in the small-q range ( Figure S2G ). In addition, the Rg 177 and Dmax values calculated for the Taf1 bromodomains (30.5 178 ± 0.5 and 103 ± 5 Å, respectively) were considerably smaller 179 than those of BET tandem bromodomains (48.6-55.4 and 181-180 200 Å, respectively). These findings are consistent with a 181 relatively globular and ordered Taf1 tandem bromodomain 182 organization compared to the BET tandem bromodomains. 183 The observed differences likely result from the relatively long 184 inter-bromodomain linkers as defined in UniProt (54) 
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nanomolar affinity ('JQ1-TEMPO'; Figure S4A ). Sucrose gradient binding assays of the Brd4 tandem bromodomains toward chick erythrocyte (low acetylation) and calf thymus (high acetylation) mono-nucleosomes. Nucleosomecontaining sucrose gradient fractions were monitored by agarose gel electrophoresis and ethidium bromide staining of DNA fragments after nucleoprotein digestion. Brd4containing fractions were detected using immunoblot detection of the N-terminal His6 tag. (A-B) Wild-type Brd4 tandem bromodomains physically associate with calf thymus mono-nucleosomes (high acetylation) and increase their sedimentation rate relative to control. (C-D) Single bromodomain inactive mutants N140F (BD1) and N433F (BD2) physically associate with acetylated calf thymus mono-nucleosomes but do not increase their sedimentation rate relative to control. (E-F) Wild-type Brd4 tandem bromodomains (aa 36-460) do not increase the sucrose gradient sedimentation rate of chick erythrocyte mono-nucleosomes (low acetylation) relative to controls and show only weak physical association. lent interaction could strengthen affinity and recruit tandem 288 bromodomains only to chromatin regions hyperacetylated at 289 specific lysine residues. Although our DEER results (Figure 290 S4) indicated that the apo Brd4 tandem bromodomains reside 291 60 Å from each other, our SAXS-guided Rosetta modeling 292 indicated the two Brd4 acetyl-lysine binding sites can access 293 inter-binding site distances as small as 15 Å ( Figure 2C ), the-294 oretically allowing bivalent interaction with two acetylation 295 sites spaced as closely as 4 amino-acids on an extended histone 296 tail. To investigate the ability of the Brd4 tandem bromod-297 omains to bivalently engage multiply acetylated histone tails, 298 triacetylated histone H4 peptides harboring acetylation at ly-299 sine residues 5 and 8 were synthesized with a third acetylation 300 site placed at either lysine 12, 16 or 20. We and others have 301 shown that Brd4-BD1 preferentially binds peptides diacety-302 lated at lysines 5 and 8 (13, 33, 34) and hypothesized that 303 Brd4-BD2 would simultaneously bind to the third acetylation 304 site at lysine 12, 16 or 20 only when the distance between 305 the lysine sites was long enough to accommodate both bro-306 modomains. To test this hypothesis, a previously reported 307 cellular NanoBRET assay was adapted for in vitro experi-308 ments using recombinant HaloTag-Brd4-BD1_BD2-NanoLuc 309 (aa 44-460) protein. Bivalent engagement of both bromod-310 omains in this Brd4 construct by a single ligand would bring 311 the NanoLuc tag and fluorophore-labeled HaloTag in physical 312 proximity, resulting in increased BRET signal. Addition of 313 either the H4K5/8-diacetyl or H4K5/8/12-triacetyl peptide 314 did not result in increased NanoBRET signal. In contrast, 315 the H4K5/8/16-triacetyl and H4K5/8/20-triacetyl peptides 316 D R A F T did result in increased NanoBRET signal with EC50 values of 317 7.5 ± 3.5 µM and 0.98 ± 0.23 µM, respectively ( Figure 4A ).
318
The NanoBRET signal increased in proportion to the distance 319 between H4K5/8-diacetyl and the third acetyl-lysine residue, 320 likely because greater spacing allows for higher bivalent oc-321 cupancy ( Figure 4A ). It is also possible that the increased Table S2 ). As a result, we hypothesize 337 bivalent engagement of multiply acetylated histone H4 tails is 338 not critical for Brd4 regulation of transcription. Figure 5B ). We and others 387 have shown that the tightest affinity histone-Brd4 binding 388 interaction occurs between Brd4-BD1 and histone H4 tails 389 that are diacetylated at lysine residues 5 and 8 (13, 33, 34) . Å) values (Figure 2A-B 
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sequence is likely conserved across all four BET proteins. In
The relatively long and flexible BET inter-bromodomain 500 linkers compared to non-BET tandem bromdomains suggests 501 that BET tandem bromodomains have evolved to simultane-502 ously engage two separate acetylated proteins. The discovery 503 of acetylated non-histone BET bromodomain binding proteins 504 has led others to propose that the BET tandem bromodomains 505 recruit transcription factors to chromatin regions via bivalent 506 acetyl-lysine recognition ( Figure 1A) . For instance, Brd4 binds 507 acetylated forms of cyclin T1 (55, 72), the RelA subunit of 508 78) , and the transcription factor Twist (79). In 509 addition, a recent study by Lambert et al. (73) suggests 510 BET protein interactions are more widespread than previously 511 appreciated and demonstrated structural evidence of Brd4 bro-512 modomain binding to numerous acetylated nuclear proteins. 513 However, the ability of tandem bromodomains to simultane-514 ously engage separate acetylated proteins had not been tested 515 directly. Using sucrose gradient binding assays (Figure 3) , we 516 demonstrated for the first time that the Brd4 tandem bromod-517 omains can scaffold separate acetylated nucleosomes, bringing 518 them into close proximity ( Figure 1A) .
519
Previous studies indicate bromodomain-nucleosome associ-520 ation may in some cases be driven by interactions other than 521 acetyl-lysine recognition. The yeast BET protein homologs, 522 Bromodomain factor 1 and 2 (Bdf1 and Bdf2) demonstrate 523 weak affinity for unacetylated histone H4 tails, likely due to 524 favorable electrostatic contacts (36). A subset of human bro-525 modomains also bind nonspecifically to DNA to enhance (76) 526 or even drive (80) association with acetylated nucleosomes. 527 For instance, previous in vitro studies indicated that the DNA-528 binding activity of BrdT-BD1 is not sufficient for interaction 529 with nucleosomes and only serves to strengthen the affinity of 530 acetylation-dependent nucleosome interactions (76), whereas 531 binding of the Brg1 bromodomain to nucleosomes is primarily 532 driven by DNA interactions (80). Brd4-BD2 was also previ-533 ously shown to bind DNA in electrophoretic mobility shift 534 assays (76). In our studies, while interactions with nucleoso-535 mal DNA and residues adjacent to acetyl-lysine on histone 536 tails may contribute to Brd4 association, only bromodomain 537 acetyl-lysine binding was necessary for nucleosome scaffolding 538 activity.
539
Bromodomain-mediated nucleosome scaffolding presents 540 a potential mechanism for dynamic control of chromatin 3D 541 structure via reversible epigenetic lysine acetylation. Indeed, 542 differences in higher-order structural involvement across chro-543 matin regions are associated with distinct histone PTM pat-544 terns (61). In general, 3D chromatin organization is defined 545 by combinations of cohesin-mediated CCCTC-binding factor 546 (CTCF) loops and compartmental domains that are not asso-547 ciated with CTCF peaks (61). While CTCF loops are formed 548 through CTCF-and cohesion-mediated loop extrusion (81-85), 549 formation and maintenance of compartmental domains is as-550 sociated with chromatin transcriptional state (62, 64, 65, 86) . 551 Recent studies proposed a 'transcription factory' hypothesis in 552 which cooperative interactions between multivalent transcrip-553 tion factors bound to RNAP II drive transcriptionally-active 554 compartmental-domain formation (87, 88). However, the mul-555 tivalent chromatin-binding proteins involved in nucleosome 556 scaffolding within compartmental domains are poorly defined. 557 Previous studies showed that loss of Brd4 results in global 558 chromatin decondensation in human cell lines and that the 559 Asn residue sidechain amide nitrogen atoms in Brd4-BD1 and BD2 651 (N140 and N433, respectively) for each model.
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652
NanoBRET peptide binding assays. Recombinant HaloTag-Brd4-653 BD1_BD2-NanoLuc (100 nM; expression and purification described 654 in Supporting Information) with (experimental) and without (con-655 trol) 100 nM HaloTag NanoBRET 618 fluorescent ligand (Promega) 656 was combined with diacetylated or triacetylated histone peptide con-657 centrations ranging from 10 nM to 100 µM in white, flat-bottomed 658 96-well plates (Corning). Plates were incubated for 30 min at 25 659°C before NanoBRET Nano-Glo Substrate ( 
